Spectroelectrochemical studies of the intervalence charge transfer (IVCT) characteristics of both diastereoisomeric forms of the dinuclear complex [{Ru(bpy) 2 } 2 (µ-dpi -)] n+ [bpy ) 2,2′-bipyridine; dpi -) 4,5-di(2-pyridyl)imidazolate] showed that the degree of inter-metal electronic coupling (or valence delocalization) is dependent on stereochemical identity. Increasing the relative concentration of the strongly associating anion toluene-4-sulfonate in acetonitrile/[(n-C 4 H 9 ) 4 N]{B(C 6 F 5 ) 4 } solution differentially decreased the level of delocalization for the two diastereoisomers. In a comparative investigation of electrochemical and spectroelectrochemical techniques of the anion-induced electron localization in [{Ru(bpy) 2 } 2 (µ-dpo)] 5+ [dpo ) 3,4-di(2-pyridyl)-1,2,5-oxadiazole], differences were observed between the two methods in the order and extent of effects induced by a number of inorganic anions (PF 6 -, BF 4 -, ClO 4 -). It was determined that the measure of coupling derived from electrochemical methods was less reliable than that obtained from spectral methods. Comparative electrochemical studies were undertaken on [{M(bpy) 2 } 2 (µ-BL)] n+ {M ) Ru, Os; BL ) dpo, dpi -), which revealed substantial differences in ∆E ox (the separation between the redox potentials for the M II -M II /M III -M II and M II -M III /M III -M III couples) for the two metal centers and therefore the comproportionation constant K c , dependent on the neutral or anionic nature of the bridging ligand.
Introduction
Dinuclear ligand-bridged mixed-valence complexes [{L n M II }(µ-BL){M III L n }] n+ (M ) metal centers, L ) terminal ligands, and BL ) bridging ligand) have played a pivotal role in the assessment of activation barriers to intramolecular electron transfer since the disclosure in 1973 of the Creutz-Taube ion, [{Ru(NH 3 ) 5 }(µ-pyz){Ru(NH 3 ) 5 }] 5+ (pyz ) pyrazine). 1 The absorption band observed in the near-infrared (NIR) region of the electronic spectrum for such species is identified as the optically induced intervalence charge transfer (IVCT) transition, which provides a sensitive and powerful insight into electronic coupling of the metal centers through the bridge by an electron superexchange mechanism, because the energy (ν max ), intensity ( ), and bandwidth (∆ν 1/2 ) of these transitions can be quantitatively related to the factors that influence the activation barrier to electron transfer. 2, 3 For valence-localized mixed-valence dinuclear systems, Hush 2,3 proposed the relationship where λ is a reorganizational contribution that is a consequence of Franck-Condon restrictions, ∆E o arises from redox asymmetry, and ∆E′ represents the energy contributions due to spinorbit coupling and/or ligand field asymmetry. The reorganizational contribution can be further subdivided into inner-and outer-sphere components λ i and λ o : λ i corresponds to the energy required for reorganization of the metal-ligand and intra-ligand bond lengths and angles, and λ o is the energy required for reorganization of the surrounding solvent medium. For a symmetrical di-ruthenium complex of this type, λ i is minimal as the bond lengths and angles in ruthenium polypyridyl complexes undergo only very minor changes on Ru III/II interconversion, [4] [5] [6] ∆E o is small for a symmetrical complex, 7 and spin-orbit coupling is very small for the ruthenium centers. Accordingly, the outer-sphere reorganizational component λ o s associated with solvent and anion reorganizationsconstitutes the major barrier to electron transfer.
Two recent publications from our laboratory have discussed solvent reorganizational effects on IVCT; 8, 9 the present work addresses the issue of anion effects.
The complexes involved are of the form [{M(bpy) 2 } 2 (µ-BL)] n+ , where M ) Ru and Os and BL ) 3,4-di(2-pyridyl)-1,2,5-oxadiazole (dpo) or 4,5-di(2-pyridyl)imidazolate (dpi -) as shown in Figure 1 . The synthesis, stereoisomerism, structural features, spectral and electrochemical characterization, and some IVCT properties of the ruthenium complexes have been published previously. 10, 11 The dpo bridging ligand has very lowlying π* orbitals, which result in a very delocalized system with the strong electronic coupling occurring by an electron-transfer mechanism. The dpi --bridged complexes are less delocalized, but the anionic character of dpi -determines that electronic coupling will be described by a hole transfer mechanism. 12, 13 Access to diastereoisomeric forms of the four species provides a particular opportunity for an intricate insight into anion participation in the charge-transfer process. This paper reports electrochemical and spectroelectrochemical studies of the effect of anions on the IVCT processes in the ruthenium and osmium complexes, which allows a telling comparison of electrochemical and spectral techniques in the assessment of valence-localized cations in this series of complexes. † Part of the special issue "Norman Sutin Festschrift". * To whom correspondence should be addressed. Fax: +61-(0)7-4781-6078. E-mail: Richard.Keene@jcu.edu.au. Electrochemical measurements were performed using a Bioanalytical Systems (BAS) 100A Electrochemical Analyzer. Cyclic (CV) and square wave (SWV) voltammograms were recorded at room temperature in a standard three-electrode cell using a glassy carbon or platinum button working electrode, a platinum wire auxiliary electrode, and an Ag/Ag + reference electrode. Ferrocene was added on completion of each experiment as an internal standard, and all potentials are quoted in mV relative to [Fe(Cp) 2 ] +/0 . 14 For standard measurements, a 1 mM solution of the complex in acetonitrile contained 0.1 M [(n-C 4 H 9 ) 4 N]PF 6 or 0.02 M [(n-C 4 H 9 ) 4 N]{B(C 6 F 5 ) 4 } as electrolyte. In anion dependence studies, the electrolyte was 0.02 M [(n-C 4 H 9 ) 4 N]X, where X ) {B(C 6 F 5 ) 4 } -, BF 4 -, PF 6 -, or ClO 4 -. Cyclic voltammetry was performed with a scan rate of 100 mV s -1 and a sensitivity of 1 µA V -1 ; square wave voltammetry was performed with a sensitivity of 1 µA V -1 , a step potential of 4 mV, a square wave amplitude of 25 mV, and a square wave frequency of 15 Hz. All SWV potentials are reported to (3 mV. The comproportionation constant K c was obtained from ∆E ox (the separation of the potentials for the M III -M III /M III -M II and M III -M II /M II -M II oxidations), obtained from the electrochemical measurements according to eq 2. 6 UV/visible/NIR spectroelectrochemistry was performed at room temperature using a CARY 5E UV/vis/NIR spectrophotomer interfaced to Varian WinUV software. The absorption spectra of the electrogenerated mixed-valence species were obtained in situ in an optically semi-transparent thin-layer electrosynthetic (OSTLE) cell (path length ) 0.06835 cm). The cell consisted of a platinum gauze working electrode in the path of the spectrophotometer (with matching gauze in the reference beam), a platinum wire auxiliary electrode, and a silver wire reference electrode. 15, 16 The cell potential was controlled using a BAS CV27 voltammograph coupled to a digital multimeter to allow both current and voltage to be monitored simultaneously. Measurements for both diastereoisomers of the ruthenium complexes [{Ru(bpy) 2 } 2 (µ-dpi -)] n+ and [{Ru(bpy) 2 } 2 (µ-dpo)] n+ were made in acetonitrile solutions containing the electrolytes 0.02 M [(n-C 4 H 9 ) 4 N]{B(C 6 F 5 ) 4 }, 0.02 M [(n-C 4 H 9 ) 4 N](toluene-4-sulfonate) or mixtures of the two (the total [(n-C 4 H 9 ) 4 N] + concentration always being maintained at 0.02 M to keep ionic strength consistent), with a complex concentration ca. 0.5 mM; diastereoisomers of [{Ru(bpy) 2 } 2 (µ-dpo)] n+ were also studied in 0.02 M [(n-C 4 H 9 ) 4 N]X, where X ) {B(C 6 F 5 ) 4 } -, BF 4 -, PF 6 -, or ClO 4 -as well as 0.1 M [(n-C 4 H 9 ) 4 N]PF 6 . The absorbance spectra of the electrogenerated species were recorded at regular intervals and checked for reversibility by regeneration of the initial unoxidized complex spectrum after the mixed-valence spectrum had been obtained, and by observation of clean isosbestic points. The IVCT spectra were scaled as ∫ (ν)/ν dν. 2, 17, 18 and dpiH (16.5 mg, 0.0747 mmol) were dissolved in ethylene glycol (2 mL) containing saturated aqueous NaOH (3 drops), and the mixture was heated at reflux for 10 min in a modified microwave oven (at high power) in 1 min intervals with stirring in between. The hot solution was cooled to room temperature and then diluted with H 2 O (50 mL). Separation of the dinuclear complex from the crude reaction mixture was achieved by gradient elution chromatography (column dimensions ∼25 cm × ∼3 cm diameter) with a SP Sephadex C-25 cation exchanger as support. The complex was loaded as the reaction mixture: the mononuclear products eluted with 0.2 M NaCl and the dinuclear species with a 0.4 M NaCl solution. The dinuclear complex was isolated by addition of solid KPF 6 to the eluate and extraction with dichloromethane. The organic layer was evaporated to dryness on a rotary evaporator after drying with anhydrous Na 2 SO 4 : yield, 32 mg (27%).
Diastereoisomeric separation was achieved using a SP Sephadex C-25 cation exchanger as support in columns that were typically 90 cm in length by 1.6 cm in diameter. The crude complex was converted from the PF 6 -to the Cl -salt in aqueous solution using an Amberlite anion-exchange resin. The solution was filtered, and the filtrate was loaded onto a column and eluted with 0.2 M sodium toluene-4-sulfonate solution; 25, 26 diastere- 
oisomeric separation was achieved within one pass down the chromatographic column with the rac isomer being eluted first followed by the meso (both forms were brown). Each isomer was precipitated by addition of KPF 6 and isolated by extraction into dichloromethane, and the solvent was removed by rotary evaporation. Because of the very strong association between the eluent anion and the dinuclear complex, special care was needed to ensure complete removal of the anion from the isolated sample. Purification of each isolated complex was achieved by adsorption onto a short column (5 cm in length × 1.5 cm in diameter) of silica gel (200-400 mesh) equilibrated in AR acetone. The complexes were loaded as the PF 6 -salt dissolved in acetone, washed with copious amounts of acetone, water, and then acetone, and eluted with a saturated solution (∼5%) of NH 4 -PF 6 in AR acetone. An equal volume of water was added, and the acetone was removed under reduced pressure. The complexes were isolated by vacuum filtration through Celite and washed with chilled water. The complexes were subsequently removed from the Celite using AR acetone, which was evaporated under reduced pressure, and the compound was dried under vacuum.
Meso. and dpo (16.8 mg, 0.0747 mmol) were dissolved in 3:1 ethanol/water (10 mL) and heated at reflux for 80 h. Subsequent treatment was performed as described above: yield, 24 mg (20%). Diastereoisomeric separation was achieved in one pass down the cation exchange chromatography column (SP Sephadex C-25) with the rac isomer being eluted first followed by the meso (both forms were dark purple). The 1 H NMR spectra had similar features to their ruthenium analogues, but many of the resonances were rather broad. Concerted attempts at further purification met with limited success. The complexes were considered not sufficiently pure for elemental analysis, although the electrochemical studies indicated that they were substantially the desired complexes.
Results and Discussion
Synthesis, Diastereoisomer Separation, and Characterization. The syntheses and diastereoisomer separations of the complexes [{Ru(bpy) 2 } 2 (µ-dpo)](PF 6 ) 4 , 10 [{Ru(bpy) 2 } 2 (µ-dpi -)]-(PF 6 ) 3 , 11 and [{Ru(bpy) 2 } 2 (µ-dpb)](PF 6 ) 4 20 have been reported previously.
The complexes [{Os(bpy) 2 } 2 (µ-dpi -)](PF 6 ) 3 and [{Os(bpy) 2 } 2 -(µ-dpo)](PF 6 ) 4 were synthesized by reacting 2.2 equiv of cis-[Os(bpy) 2 Cl 2 ]‚2H 2 O with the appropriate bridging ligand using microwave and thermal methods, respectively. The separation of the diastereoisomers was achieved on a SP Sephadex C-25 cation exchange chromatography column with aqueous sodium toluene-4-sulfonate solution as the eluent. After rigorous purification, the 1 H NMR spectra of the diastereoisomers of both osmium complexes were recorded. Assignment of the peaks was made with reference to the analogous ruthenium species. 10, 11 For the dpi --bridged osmium complex, the spectra for the two diastereoisomers were distinctly different, confirming a successful separation, as demonstrated by the resonances for the proton on the imidazolate ring for the meso and rac forms at 5.34 and 5.71 ppm, respectively. The spectra are shown in Figure S1 of the Supporting Information.
The dpo-bridged osmium complex proved rather intransigent in terms of the purification and characterization. Although cation exchange chromatography separated the complex into two clear bandsspresumably the two diastereoisomerssthe 1 H NMR of the two isolated products showed significant peak-broadening. This feature persisted after sustained attempts of further purification by crystallization and chromatography, although it could arise from conformational isomerism, as described previously for [{Ru(bpy) 2 }(µ-2,3-dpp){Ru(phen) 2 ] 4+ {2,3-dpp ) 2,3-bis(2-pyridyl)pyrazine; phen ) 1,10-phenanthroline}. 27 The electrochemistry data were sufficiently promising to persevere, although two small redox processes were observed in addition to those confidently assigned to the [5+/4+] and [6+/5+] oxidations of desired complex that corresponded to the major component in the sample. This issue was not resolved and may be due to an unknown decomposition of the coordinated ligand.
The formation of cavities above and below the bridging ligand and bounded by the terminal ligands in dinuclear species of this type has been discussed in detail previously. 8, 9, 26, 27 Dibidentate bridging ligands can be categorized as linear, 8, 27 angular, 9 or stepped-parallel 28 on the basis of the relative disposition of the bidentate coordination sites: both the dpo and dpi -ligands used in the present study are angular. The cavities allow the complexes to act as hosts for guest anions and/or solvent molecules in solution: 8, 18 differential solvent and anion association may occur between the diastereoisomers due to the differences in their shape and dimensions. This provides the opportunity to exploit the stereoisomeric forms of these dinuclear species as a means of investigating outer sphere effects on inter-metal electronic coupling via the studies of the IVCT transition.
In the present case, for the structurally similar "angular" bridges dpo and dpi -, the two diastereoisomeric forms present quite different spatial alternatives to the anion, as shown in Figure 2 . 27 The rac isomer has only one kind of cavity (both above and below the bridge) which is reasonably large and nonspecific (Figure 2a) . On the other hand, the meso isomer has two differently shaped interior cavities: one of them [ Figure  2b (i)} has two bpy ligands parallel and well separated from each other where aromatic anions may associate by π-stacking or hydrophobic interaction, 26 and the cavity on the opposite side of the bridge [ Figure 2b (ii)] consists of parallel ligands that are almost in line with each other, to which anions may have considerably less access. The exterior cavities made by the terminal ligands are identical in the diastereoisomers. 27 Nature of the Bridging LigandssElectrochemical Studies. The comparison of neutral and anionic bridges in terms of their mediation of the coupling between the two metal centers in dinuclear species has been discussed previously. 12, 13 In the present instance, the electrochemical behavior of the diruthenium and di-osmium complexes of the bridges dpo (neutral) and dpi -(anionic) was investigated on the basis of the very close structural relationship of the respective species.
Electrochemical studies were undertaken on 1 mM solutions of both diastereoisomers of [{M(bpy) 2 The redox potentials for the metal-based oxidations (E ox1 and E ox2 ), the separation between those potentials (∆E ox ), and the comproportionation constants, K c calculated from ∆E ox (eq 2) are shown in Table 1 .
Each complex showed two reversible one-electron oxidations that correspond to the successive oxidation of the metal centers (E ox1 for the [5+/4+] couple, E ox2 for the [6+/5+] couple for M-dpo, and the [4+/3+] and [5+/4+] couples, respectively, for M-dpi -). For each bridging ligand, the metal-based oxidations in the ruthenium complexes occur at characteristically higher potentials (more anodic) than in their osmium analogues. 29 For the dpo-and the dpi --bridged dinuclear ruthenium and osmium complexes in acetonitrile/[n-(C 4 H 9 ) 4 N]PF 6 solution, the meso diastereoisomer had a larger value of ∆E ox (and K c ) than the respective rac form. Although there may be an inherent stereochemical effect brought about by alignments of π-systems and/or reorganizational energies, there will also be a contribution from differential anion association because of the nature of the interior cavities.
The oxidations for the dpo-bridged complexes occurred at higher potentials (more anodically) than the dpi --bridged analogues: this is an electrostatic effect as the unoxidized dpi --bridged species has an overall 3+ charge, whereas the dpobridged species has a 4+ charge, making the latter intrinsically more difficult to oxidize and thus increasing the potential.
For both ruthenium complexes, the ∆E ox (and therefore K c ) values are very large, indicating there is significant electronic coupling under these conditions (with the dpo-bridged complex being slightly higher). However, in the case of osmium, although the dpo-bridged osmium species have very large ∆E ox (and K c ) values, they are significantly lower for the dpi --bridged analogue. The smaller K c value for the M-dpi -case is interpreted as being a consequence of the π-donor nature of the anionic bridge and the resultant preference for a hole transfer (rather than an electron transfer) mechanism for valence exchange. 12 The alternate mechanisms that operate in charge transfer in the dpo-and dpi --bridged complexes (electron and hole transfer, respectively) are expected to differently affect the relative responses of K c between analogous ruthenium and osmium complexes: 12,13 the osmium mixed-valence complexes have an increased K c in the case of electron transfer but a decreased K c for the hole transfer relative to their ruthenium analogues. In the case of the π-acceptor bridge dpo with two metal centers, the metal centers back-donate electrons into the acceptor LUMO of the ligand: 12 removal of an electron from one of the metalcentered orbitals increases the donation of electrons to the LUMO of the ligand from the other metal center (mediated through the π-system of the ligand) making the redox potential higher for the second metal oxidation. Osmium has stronger π-donating abilities than ruthenium and K c is therefore higher for osmium complexes [1.3 × 10 7 (meso) and 1.5 × 10 7 (rac) for osmium, compared with 1.2 × 10 6 and 4.8 × 10 5 for the respective diastereoisomers of ruthenium]. In the case of a π-donor bridge such as dpi -, the opposite argument applies. The metal centers in this case are accepting electrons from the donating HOMO of the ligand: 12 removal of an electron from one of the metal-centered orbitals increases the donation from the HOMO to that center, removing electron density from the other, thus making the redox potential higher for the second metal oxidation. Osmium is a weaker π-acceptor than ruthenium; the magnitude of this effect will be less, and K c should be lower for osmium complexes in a hole transfer situation [3800 (meso) and 2100 (rac) for the osmium diastereoisomers and 6.5 × 10 5 and 1.9 × 10 5 for the respective ruthenium complexes in acetonitrile/[n-(C 4 H 9 ) 4 30 which can in turn be used to calculate the comproportionation constant (K c ), as given in eq 2.
However, the value of ∆E ox is known to be influenced by the presence of anions in the electrolyte in which such electrochemical measurements are made: under "nonassociating" electrolyte conditions, the ∆E ox value is at its greatest but will be diminished when there is strong association between an anion and the dinuclear complex. 19, 30, 31 The presence of an anion 2 } 2 (µ-dpi -)] 3+ (Ru-dpi -) , [{Os(bpy) 2 } 2 (µ-dpi -)] 3+ (Os-dpi -), [{Ru(bpy) 2 } 2 (µ-dpo)] 4+ (Ru-dpo), and [{Os(bpy) 2 } 2 (µ-dpo) that associates into the cavities above and below the bridging ligand of the complex cation reduces the average charge of the ion-pair relative to the nonassociating case, so both oxidations are more easily performed and both are shifted cathodically.
Once the first oxidation has occurred, ion-pairing will then be stronger for electrostatic reasons, resulting in a larger shift of E ox2 and thus reducing ∆E ox . Therefore, in principle, because a large ∆E ox is associated with delocalization, the presence of anions enhances the localization of the charges in the mixedvalence species.
To probe this effect, it was necessary to establish a "baseline" electrolyte for which there was minimal association. Reed et al. 24, 32, 33 have championed a series of icosahedral carborane anions as the lowest coordinating anions, and Geiger and coworkers 21 have proposed the use of the tetrakis(pentafluorophenyl)borate anion {B(C 6 F 5 ) 4 } -in the same context. We undertook the electrochemistry (CV and SWV) of the diastereoisomers of the complex [{Ru(bpy) 2 2 ] +/0 ) was used as an internal reference for these studies and added upon completion of each experiment. Although this couple is known to be solvent-and electrolyte-dependent, 35 we have shown 19 that in the electrolytic conditions used in these studies there is little difference between it and the redox couple [Fe(Me 5 Cp) 2 ] +/0 , 36 which is known to be less susceptible to the environment. The results for the electrochemistry are shown in Table 2 , along with a comparison for data obtained using acetonitrile/0.1 M [(n-C 4 H 9 ) 4 N]PF 6 .
Both diastereoisomers of [{Ru(bpy) 2 } 2 (µ-dpb)] n+ were observed to have lower potentials E ox1 and E ox2 with the carborane than with the tetrakis(pentafluorophenyl)borate electrolyte (although the respective ∆E ox values in the two electrolytes for each of the diastereoisomers are within experimental uncertainty). These results suggest that perfluorinated-tetraphenylborate is the more weakly associating of the two anions under these specific conditions, and accordingly, 0.02 M [(n-C 4 H 9 ) 4 N]-{B(C 6 F 5 ) 4 } was chosen as the base electrolyte for use in these studies.
Spectroelectrochemical Studies of the Complex [{Ru-(bpy) 2 } 2 (µ-dpi -)] n+ . Spectrochemical investigations were performed at 25°C on 0.5 mM solutions of both diastereoisomers of [{Ru(bpy) 2 } 2 (µ-dpi -)] 3+ over the UV/visible/NIR spectral range in acetonitrile solution containing 0.02 M [(n-C 4 H 9 ) 4 N]X, where X denotes B(C 6 F 5 ) 4 -, toluene-4-sulfonate, or a mixture of the two (and maintaining constant ionic strength). The toluene-4-sulfonate anion is known to very strongly associate to complexes of this genre (a fact that is exploited in the separation of the diastereoisomers). 19, 25, 26 The spectra for the diastereoisomers of [{Ru(bpy) 2 } 2 (µ-dpi -)] n+ have been reported previously. 11 The spectral features of the 3+ species were assigned as a combination of overlapping dπ(Ru II ) f π*(dpi -) and dπ(Ru II ) f π*(bpy) metal-to-ligand charge transfer (MLCT) transitions. Oxidation to the 4+ species was distinguished by the appearance of an intense band in the region from 3300 to 8000 cm -1 (the lower energy side was obscured by the detector limit), which was assigned as the IVCT band. A less intense band appeared in the region 8000-15 000 cm -1 , which was assigned as a ligand-to-metal charge-transfer (LMCT) band. The appearances of the new bands were accompanied by a ∼50% reduction in the intensity of the MLCT bands, which is attributed to the conversion of one of the centers from Ru II to Ru III . On returning to the 3+ species, the IVCT and LMCT bands completely collapsed, and the MLCT bands returned to their original intensity. Isosbestic points generally remained stable on generating the 4+ species and on returning to the 3+ species, with the starting spectrum being regenerated to ∼95% for both diastereoisomers under all the electrolyte conditions.
As the IVCT band for [{Ru(bpy) 2 } 2 (µ-dpi -)] 4+ appeared in the region of the detector limit, a full analysis of the IVCT band was difficult. Nevertheless, a semiquantitative analysis could be made with regard to the effect of the anion: an overlay of the IVCT bands for [{Ru(bpy) 2 } 2 (µ-dpi -)] 4+ with different electrolytes is provided in Figure S2 (Supporting Information), where the spectral data are plotted as the reduced form of ∫ /ν dν vs ν. The bandwidth ∆ν 1/2 was taken at half the band maximum ν max , and the theoretical bandwidth ∆ν 1/2°w as calculated from eq 3, 37, 38 where the reorganizational energy (λ ) λ i + λ o ) is assumed to be equal to ν max , R is the gas constant, and the term 16RT ) 2310 cm -1 at 298 K.
Brunschwig, Creutz, and Sutin 39 have introduced a parameter Γ based upon the experimental and predicted IVCT bandwidths, given in eq 4, which attempts to provide a measure of the electronic coupling in mixed-valence systems. The magnitude of Γ distinguishes the class 40 of a mixed-valence system: 0 < Γ < 0.1 for weakly coupled (localized) Class II systems, 0.1 < Γ < 0.5 for moderately coupled (localized) Class II systems, Γ ∼ 0.5 at the transition between Class II and Class III, and Γ > 0.5 for strongly coupled (delocalized) Class III systems. Although the measure is only semiquantitative, it is consistent with the findings of a variety of physical techniques for a range of complexes: 27 it provides a reasonable assessment of the coupling for mixed-valence systems between the localized and delocalized limits, although band shape analyses may frequently be complicated by a number of factors. 41 For the present case of Ru-dpi -, the results for the band maxima (ν max ), the molar absorption coefficients ( /ν max ), the (pseudo) bandwidths, and the electronic coupling factor Γ are shown in Table 3 . 
The values of Γ suggest that these complexes should be classified as Class II. 40 For each electrolyte condition, the rac isomer had a lower value of Γ than did the meso isomer, suggesting that it is slightly more localized. Figure 3 presents a graph of the Γ parameter for each diastereoisomer as a function of the relative toluene-4-sulfonate concentration.
The data show that increasing the concentration of toluene-4-sulfonate progressively decreases the delocalization for both diasteroisomers and therefore presumably the inter-metal electronic coupling: it is possible that association of an increasing number of ions about the species may distort the electron density to produce this effect. There is an apparent saturation at ∼25% relative toluene-4-sulfonate concentration, at which point there are ∼10 toluene-4-sulfonate anions to every complex ion: this may be the upper limit of the number of anions that can fit around the complex cation, either spatially or electrostatically (or a combination of both).
Another very interesting feature of the plots is the change in Γ for each diastereoisomer. For the rac form, there is a drop of 0.05 in Γ from the maximum value (no toluene-4-sulfonate) to the saturation point, and the drop is rather steady before saturation. On the other hand, with the meso isomer, the magnitude of the drop is 0.07, and the decrease is much sharper between 0 and 10% toluene-4-sulfonate concentration than is the case with the rac isomer. This indicates that the localization in the meso isomer is affected to a greater degree by addition of associating anions than is the rac isomer. These observations can be rationalized in terms of the size of the interior clefts of each isomer. In the meso form, one of the cavities is of the appropriate proportions for an aromatic anion such as toluene-4-sulfonate to intercalate between the bpy ligands due to π-stacking/hydrophobicity, thus distorting the π-system and decreasing inter-metal communication. In the rac isomer, the cavity is larger and rather more open, so that the presence of the anion(s) has a less direct effect. This difference in cavity sizes is probably also the reason why the meso curve begins to saturate more quickly than the rac: the former only needs one or two very closely associating (or π-stacking) anions to depress the communication, and the latter needs more to produce the same level of depression as the anions are not as close or the interaction does not have such spatial restraints.
Electrochemical 4 } where E ox2 was beyond the solvent breakdown. The redox potentials for the oxidations (E ox1 and E ox2 ), ∆E ox , and the calculated comproportionation constants K c are given in Table 4 .
The trend for ∆E ox (and thus for K c ) in the rac form is B(C 6 F 5 ) 4 -> PF 6 -> ClO 4 -> BF 4 -; in the meso form, it is B(C 6 F 5 ) 4 -> PF 6 -> BF 4 -> ClO 4 -, so that the strength of the association of the anion with the respective diastereoisomers is in the reverse order for BF 4 -and ClO 4 -. The general trend follows those reported in the literature for complexes of a similar nature (including the variability of ClO 4 -). 19 As described above, the meso and rac diastereoisomers experience differential association of anions between the isomers depending on the specific dimensions of the internal cavities above and below the bridging ligand and shape of the electrolyte anion.
The electrochemistry was also performed on both diastereoisomers in acetonitrile/0.1 M [(n-C 4 H 9 ) 4 N]PF 6 . This is a standard electrolyte solution often used for electrochemical measurements, and the electrochemical data for the higher concentration solution are shown in Table 4 6 , and the second oxidation potential is beyond the limit of the solvent in the former case. The lower K c in the latter case might be expected because of the higher anion concentration, which allows a greater level of association with the complex cation, decreasing the effective charge about the metal centers and reducing the oxidation potentials. The effect is significant: E ox2 can be measured for both diastereoisomers with 0.1 M [(n-C 4 H 9 ) 4 N]-PF 6 as the electrolyte, whereas it is considerably anodicsin fact anodic of the solvent limitsin acetonitrile/0.02 M [(n-C 4 H 9 ) 4 N]-PF 6 solution. These observations highlight the need for a standard set of electrolyte conditions in data used to make K c comparisons, as noted previously by D'Alessandro and Keene. 30 Spectroelectrochemical Studies of the Complex [{Ru-(bpy) 2 } 2 (µ-dpo) ] n+ . UV/visible/NIR spectroelectrochemistry was performed on 0.5 mM solutions of both diastereoisomers of [{Ru(bpy) 2 } 2 (µ-dpo)] 4+ in acetonitrile in the same electrolyte solutions used as in the above electrochemistry studies. A general description and assignment for the spectra for [{Ru-(bpy) 2 } 2 (µ-dpo)] n+ have been given previously. 10 The analysis of the IVCT band is given in Table 5 . The class 40 to which a complex belongs can be made by analysis of the IVCT band, in particular the parameter Γ (a measure of delocalization), which is calculated (eq 4) from the deviation of the bandwidth from its theoretical value. 39 When 0 < Γ < 0.5, the complex is Class II (localized); when Γ ≈ 0.5, the complex is Class II-III; and when Γ > 0.5, the complex is Class III (delocalized). [{Ru(bpy) 2 } 2 (µ-dpo)] 5+ is thus categorized as delocalized with Γ ≈ 0.6: as such, the IVCT may best be regarded as a transition of an electron from a delocalized molecular orbital to a higher energy delocalized molecular orbital (π f π*). In the dpo-bridged complexes, the oxidation state of the mixed-valence species is therefore better represented as M 1 II(1/2) M 2 II(1/2) rather than M 1 II M 2 III . The Γ values for each of the diastereoisomers show very little change with variation of the electrolytes: over the range of anions, for the rac and meso diastereoisomers, Γ varies by 0.01. The Γ data are presented in Figure 4 and indicate that neither anion association or the stereochemical identity of the complex are a determinant in the extent of delocalization. As a qualitative comparison, the differences between the Γ values for the analogous dpi --bridged species between [(n-C 4 H 9 ) 4 N]{B(C 6 F 5 ) 4 } and [(n-C 4 H 9 ) 4 N](toluene-4-sulfonate) reported above were largersviz. 0.05 for the rac isomer and 0.07 for the meso isomer. The increased effect of the [(n-C 4 H 9 ) 4 N](toluene-4-sulfonate) may well be due to its capacity for specific π-stacking and hydrophobic interactions in the cavities, 25 an effect that is considerably enhanced with the meso isomer.
Comparison of Spectroelectrochemical and Electrochemical Methods. The parameters Γ and ∆E ox , derived respectively from spectroelectrochemical and electrochemical studies of IVCT behavior, are each considered to provide a measure of valence localization/delocalization in dinuclear ligand-bridged complexes. Although they cannot be directly related, 42 a qualitative comparison can be made between them, and if both methods were valid the trends for the same complexes in different electrolytes should be the same; however, it is clear they are not.
There are three main differences between the trends. First, from spectroelectrochemical studies of [{Ru(bpy) 2 } 2 (µ-dpo)] 5+ , across the series of anions, there is no discernible difference in the degree of delocalization between the two diastereoisomers ( Figure 4) . By contrast, electrochemically, there may be some indication that there is greater delocalization associated with the meso diastereoisomer in 0. 
